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The ubiquitin-proteasome system (UPS) is involved in the replication of a broad range of viruses. Since replication of the murine 
hepatitis virus (MHV) is impaired upon proteasomal inhibition, the relevance of the UPS for the replication of the severe acute 
respiratory syndrome coronavirus (SARS-CoV) was investigated in this study. We demonstrate that the proteasomal inhibitor 
MG132 strongly inhibits SARS-CoV replication by interfering with early steps of the viral life cycle. Surprisingly, other protea- 
somal inhibitors (e.g., lactacystin and bortezomib) only marginally affected viral replication, indicating that the effect of MG132 
is independent of proteasomal impairment. Induction of autophagy by MG132 treatment was excluded from playing a role, and 
no changes in SARS-CoV titers were observed during infection of wild-type or autophagy-deficient ATG5‘~ mouse embryonic 
fibroblasts overexpressing the human SARS-CoV receptor, angiotensin-converting enzyme 2 (ACE2). Since MG132 also inhibits 
the cysteine protease m-calpain, we addressed the role of calpains in the early SARS-CoV life cycle using calpain inhibitors III 
(MDL28170) and VI (SJA6017). In fact, m-calpain inhibition with MDL28170 resulted in an even more pronounced inhibition of 
SARS-CoV replication (>7 orders of magnitude) than did MG132. Additional m-calpain knockdown experiments confirmed the 


dependence of SARS-CoV replication on the activity of the cysteine protease m-calpain. Taken together, we provide strong ex- 
perimental evidence that SARS-CoV has unique replication requirements which are independent of functional UPS or au- 
tophagy pathways compared to other coronaviruses. Additionally, this work highlights an important role for m-calpain during 


early steps of the SARS-CoV life cycle. 


| n 2003, anew human coronavirus of zoonotic origin emerged in 
southern China, causing a worldwide epidemic of an atypical 
life-threatening pneumonia, the severe acute respiratory syn- 
drome (SARS) (12, 28, 30, 43). The new virus, designated SARS- 
coronavirus (CoV), exhibited extraordinary pathogenicity with a 
high mortality rate, in contrast to other known human coronavi- 
ruses, which normally cause slight diseases of the upper respira- 
tory or gastrointestinal tract. Coronaviruses, showing extensive 
genetic diversity and short generation times, are very infectious 
and are capable of crossing species barriers (20). Since closely 
related and SARS-CoV-like viruses circulate in bats, their natural 
animal reservoir (11, 34), SARS or similarly severe diseases might 
reemerge or emerge. Therefore, the molecular mechanisms of 
SARS-CoV replication are still important subjects of investiga- 
tion. 

As a member of the family Coronaviridae, SARS-CoV is a pos- 
itive-stranded, enveloped RNA virus with a genome consisting of 
around 30 kb (37). Upon binding to its functional receptor, the 
angiotensin-converting enzyme 2 (ACE2) (33), SARS-CoV is in- 
ternalized via endocytosis, and the viral RNA is released from the 
endosome (19, 44, 67, 70). In the cytosol, the SARS-CoV genome 
is translated into two large polyproteins which are autocatalyti- 
cally processed to produce the nonstructural proteins (nsps), in- 
cluding all nsps of the viral replicase complex (50, 61, 63). Pro- 
tected by double membrane vesicles (DMVs) most likely 
originating from endoplasmic reticulum (ER) membranes (58), 
the genome is replicated and, by generation of specific sets of 
subgenomic mRNA, structural and SARS-CoV-specific accessory 
proteins are produced (61, 63). After assembly and budding pro- 
cesses into the endoplasmic reticulum Golgi intermediate com- 
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partment (ERGIC) (25, 59), mature virions are released by exocy- 
tosis. 

Along with the lysosomal and autophagy pathways by which 
proteins, protein aggregates, or even whole organelles are de- 
graded, the ubiquitin-proteasome system (UPS) is part of the cel- 
lular degradation machinery. Degradation via the proteasome is 
highly regulated, and for recognition, substrates must be cova- 
lently modified with multiple molecules of the small 76-amino- 
acid protein ubiquitin (6). However, in addition to degradation of 
misfolded or unfolded proteins or protein aggregates, the UPS 
also plays major roles in regulating cell cycle progression, apopto- 
sis, antigen processing, signal transduction, and transcriptional 
regulation (6). For this reason, viruses have evolved mechanisms 
to exploit the UPS for viral benefit. 

To circumvent host innate immune response, human cyto- 
megalovirus blocks antigen presentation by targeting major his- 
tocompatibility complex class I (MHC-I) molecules for protea- 
somal degradation (24, 53). Alternatively, downregulation of CD4 
by inducing its proteasomal degradation contributes to the patho- 
genesis of immunodeficiency in HIV-1 infection (51, 66). In ad- 
dition to destabilizing antiviral proteins, viruses maintain proviral 
or viral proteins by manipulating cellular ubiquitination processes 
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by expressing their own deubiquitination proteins (DUBs), which 
were recently described for SARS-CoV as well (2, 35). On the 
other hand, the replication of a number of viruses strongly de- 
pends on the activity of a functional UPS. For example, the pro- 
cessing of gag proteins of HIV-1 is dependent on proteasomal 
function (52). If the proteasome is inhibited, the nucleoprotein of 
influenza A virus is retained in the cytosol (22, 68). UPS facilitates 
the transport of incoming capsids to the nucleus during herpes 
simplex virus infection (8), and replication of vaccinia virus, cox- 
sackievirus B3 virus, and orthopoxvirus is impaired if the protea- 
some is inhibited (49, 54, 62). Of note, replication of another 
coronavirus, murine hepatitis virus (MHV), is affected upon im- 
pairment of proteasomal activity because viral RNA cannot be 
released from endosomes (72). Furthermore, replication of the 
recombinant coronaviruses feline infectious peritonitis virus 
(FIPV)-A3abcFL, MHV-EFLM, MHV-nsp2EGFP, and SARS- 
CoV-GFP was shown to be impaired upon proteasomal inhibi- 
tion, as demonstrated by reduced reporter gene expression (46). 
Therefore, a general dependence of coronaviral replication on a 
functional ubiquitin proteasome pathway was suggested. How- 
ever, in vivo studies by the same group showed that treatment with 
the proteasome inhibitor bortezomib of C57BL/6 mice infected 
with MHV-A59 actually led to increased viral titers and pathology 
(45). 

Due to these conflicting data, we aimed to elucidate the role of 
the ubiquitin-proteasome system during the SARS-CoV life cycle. 
By performing infection studies with wild-type (wt) SARS-CoV 
(strain Frankfurt-1), we confirmed that by treatment with the es- 
tablished proteasomal inhibitor MG132, viral replication is 
strongly impaired in a dose-dependent manner. This treatment 
mainly affected early steps in the SARS-CoV life cycle. However, 
subsequent studies with other proteasomal inhibitors or au- 
tophagy-deficient cells revealed that neither inhibition of the pro- 
teasome nor induction of autophagy were responsible for the im- 
pairment of viral replication observed with MG132. Since 
treatment of infected cells with MDL28170, an inhibitor of cal- 
pain, a protease which is inhibited by MG132 but not by other 
proteasomal inhibitors, impaired SARS-CoV replication, we as- 
sume that inhibition of calpain rather than inhibition of the pro- 
teasome accounts for the reduction of viral titers by MG132. Sub- 
sequent m-calpain knockdown experiments further confirmed 
that loss of m-calpain activity strongly reduces production of 
SARS-CoV particles. These results clearly demonstrate that SARS- 
CoV, compared to other Coronaviridae, has specific requirements 
for replication and reveal an important role for m-calpain during 
early steps of the SARS-CoV life cycle. 


MATERIALS AND METHODS 


Cell culture and virus. The Vero E6 cell line (African green monkey kid- 
ney) was obtained from the ATCC (CRL-1587D) and cultured in Dulbec- 
co’s modified Eagle medium (DMEM) with 10% heat-inactivated fetal 
calf serum (FCS), 100 U of penicillin, 100 wg of streptomycin per ml, and 
25 mM HEPES buffer at 37°C without CO,. The wild-type and ATGS/~ 
mouse embryonic fibroblast (MEF) cell lines were a kind gift from 
Noboru Mizushima (Tokyo Medical and Dental University, Japan) and 
were maintained in DMEM with 10% heat-inactivated FCS, 100 U of 
penicillin, and 100 wg of streptomycin per ml at 37°C with CO,. SARS- 
CoV strain Franfurt-1 was a kind gift from Christian Drosten (University 
of Bonn, Germany). All experiments with SARS-CoV were done in a bio- 
safety level 3 facility. MHV strain JHM was a kind gift from Xuming 
Zhang (University of Arkansas). The mouse epithelial cell line NCTC 
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clone 1469 (ATCC CCL-9.1), used for propagation of MHV, was cultured 
in DMEM supplemented with 10% horse serum, 100 U of penicillin, and 
100 jg of streptomycin per ml. 

Reagents and antibodies. MG132, lactacystin (Lac), SJA6017/calpain 
inhibitor VI (CI VI), and calpain inhibitor III (MDL28170; CI II) were 
purchased from Calbiochem/Merck (Darmstadt, Germany). Bortezomib 
(BZ; Velcade) and imatinib (Glivec) were obtained from Selleck Chemi- 
cals (Houston, TX). All chemical compounds were dissolved in dimeth- 
ylsulfoxide (DMSO) and stored at —20°C. A ready-made solution of 1 
mM staurosporine in DMSO, methyl cellulose (viscosity, 4,000 cP), and 
crystal violet were purchased from Sigma-Aldrich (Munich, Germany). 
All cell culture reagents as well as Lipofectamine were obtained from In- 
vitrogen (Darmstadt, Germany). Pefabloc proteinase inhibitor was pur- 
chased from Roche Diagnostics GmbH (Mannheim, Germany), and the 
Coomassie Plus (Bradford) protein assay kit was from Pierce (Rockford, 
IL). Polyvinylidene difluoride (PVDF) membranes and the chemilumi- 
nescent Western blotting detection reagent ECL Plus were obtained from 
GE Healthcare-Amersham (Freiburg, Germany). The production of the 
rabbit polyclonal anti-N antibody has been described already (9), and 
rabbit polyclonal anti-Grp78 (H-129) and mouse monoclonal anti-ubiq- 
uitin (P4D1) antibodies were from Santa Cruz Biotechnology Inc. 
(Heidelberg, Germany). The rabbit polyclonal m-calpain (calpain 2) an- 
tibody was obtained from Triple Point Biologics (Forest Grove, OR). 
Mouse monoclonal anti-f-actin was from Sigma (Munich, Germany), 
mouse-monoclonal anti-LC3 antibody was obtained from nanoTools An- 
tikérpertechnik GmbH & Co., KG (Teningen, Germany), and the mouse 
monoclonal anti-ACE2 antibody was obtained from Enzo Life Science 
(Lérrach, Germany). Anti-mouse and anti-rabbit horseradish peroxi- 
dase-conjugated antibodies were purchased from GE Healthcare-Amer- 
sham (Freiburg, Germany). 

Infection with SARS-CoV or MHV. Twenty-four h after seeding, cells 
were pretreated with the different chemical compounds in media without 
FCS for 1h or left untreated. After pretreatment, cells were washed with 
phosphate-buffered saline (PBS) and infected with SARS-CoV or MHV- 
JHM at the indicated multiplicities of infection (MOIs) in 1 ml FCS-free 
medium with or without compounds at 37°C for the indicated incubation 
times. Inocula were removed, and cells were washed three times with PBS 
before adding 3 ml complete growth medium with or without compounds 
as indicated. After incubation for the indicated time periods at 37°C, viral 
supernatants were harvested and aliquots of 1 ml were stored at — 80°C. 

Plaque assay. Confluent Vero E6 (SARS-CoV) or NCTC (MHV) cells 
in 12-well plates were infected with 6 serial dilutions of viral supernatants 
in FCS-free medium and incubated for 1 h at 37°C. Afterwards, cells were 
overlaid with normal growth medium containing 1% (Vero E6) or 2% 
(NCTC) methylcellulose and incubated at 37°C. Seventy-two hours 
postinfection (p.i.), the overlay was removed and cells were washed with 
PBS and fixed in 4% formalin for inactivation of virus for 1 h at room 
temperature. For staining of fixed-cell monolayers, 2% crystal violet in 
3.6% formaldehyde and 20% ethanol was used. 

Internalization assay. After pretreatment for 1 h, Vero E6 cells were 
infected with SARS-CoV for 15 min at an MOI of 2 as described above. 
After removal of inocula and completion of PBS washing steps, cells were 
trypsinized for 10 min on ice. Cells were then resuspended in growth 
medium and centrifuged at 1,200 rpm for 3 min at 4°C to remove cell 
debris. After resuspending the cells in 1 ml growth medium, cells were 
broken up by vigorously passing the homogenate 3 times through a 19- 
gauge syringe needle. Suspensions were directly diluted for viral titer anal- 
ysis. 

Cell proliferation and viability assay. For investigation of cell prolif- 
eration and viability, a cell proliferation kit (XTT) from Roche Diagnos- 
tics GmbH (Mannheim, Germany) was used according to the manufac- 
turer’s protocol. Briefly, Vero E6 cells were seeded in 96-well plates and 
grown to 80% confluence. Compounds at the indicated concentrations 
and the XTT substrate were added for 16 h. After incubation, absorbance 
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was measured by using an enzyme-linked immunosorbent assay (ELISA) 
reader. 

Transfection of MEF cells. MEFs were seeded in 25-cm*? flasks and 
cultured for 24 h. Cells were transfected with 4 wg of DNA for 6 h using 
Lipofectamine 2000 according to the manufacturer’s protocol. The hu- 
man ACE2 expressing construct (huACE2) (33) was a kind gift from Mi- 
chael Farzan (Harvard University, Cambridge, MA). 

siRNA transfection and m-calpain knockdown experiments. Vero 
E6 cells were transfected with 350 pmol of short interfering RNA (siRNA) 
targeting m-calpain mRNA (HS 188705; CCATCCTGAGAAGGGTTCT 
AGCAAA) or nonsilencing RNA (negative control; both from Ambion/ 
Invitrogen, Darmstadt, Germany) using Lipofectamine 2000 according to 
the manufacturer’s protocol. Forty-eight hours after transfection, cells 
were lysed for immunoblot analysis or infected with SARS-CoV (MOI, 
0.001). After incubation for 16 h, viral titers were determined by plaque 
assay. 

Cell lysis and immunoblot analysis. Immunoblot analysis was per- 
formed as previously described (15). For cell lysis, cells were washed with 
PBS and incubated in lysis buffer (10 mM Tris, pH 7.5, 100 mM NaCl, 10 
mM EDTA, 0.5% Triton X-100, and 0.5% Na-desoxycholate) and 1 mM 
Pefabloc (a proteinase inhibitor) for 10 min. Lysates were cleared by cen- 
trifugation for 1 min at 14,000 rpm, and supernatants were precipitated 
with methanol at —20°C overnight. After centrifugation for 30 min at 
3,500 rpm at 4°C, pellets were resuspended in TNE buffer (50 mM Tris- 
HCl, pH 7.5, 150 mM NaCl, and 5 mM EDTA). Total protein concentra- 
tions were determined by using the Coomassie Plus (Bradford) protein 
assay kit (Pierce) before addition of sample loading buffer (7% SDS, 30% 
glycerin, 20% 2-mercaptoethanol, 0.01% bromphenol blue in 90 mM 
Tris-HCl, pH 6.8). After boiling at 95°C, equal protein amounts were 
analyzed by 12.5% SDS-PAGE. Proteins were electrotransferred to a 
PVDF membrane, which was blocked with nonfat dry milk (5%) in Tris- 
buffered saline (TBST) (0.05% Tween 20, 100 mM NaCl, 10 mM Tris- 
HCl; pH 7.8). After incubation with the appropriate primary and second- 
ary horseradish peroxidase (HRP)-conjugated antibodies, proteins were 
detected using an enhanced chemiluminescence blotting (ECL plus) kit. 

Statistical analysis. Quantification of immunoblot signals was done 
by means of the ImageQuant Program (Image Quant Analysis; Molecular 
Dynamics) and measured relative to f-actin signals. Statistical analysis 
was performed with Prism software (Graphpad Software, San Diego, CA) 
using the unpaired two-tailed t test for pairwise comparisons, always re- 
ferring band intensities or titers of different conditions to DMSO values. 
Statistical significance was expressed as the following: *, P < 0.05; **, P< 
0.01; ***, P < 0.001; and ns, not significant. 


RESULTS 

Dose-dependent impairment of SARS-CoV replication by 
MG132 is independent of proteasome inhibition. The ubiquitin- 
proteasome pathway is of superior importance for eukaryotic cells 
operating as a major protein degradation machinery and being 
involved in major regulatory processes. Therefore, viruses often 
exploit the system for its benefits or, on the other hand, strongly 
depend on its functionality (14, 66). To investigate whether the 
ubiquitin-proteasome system also plays a role during the SARS- 
CoV life cycle, initial experiments were done using the protea- 
some inhibitor MG132. Vero E6 cells were pretreated with differ- 
ent concentrations of MG132 or DMSO (mock) and were 
subsequently infected with SARS-CoV in the presence or absence 
of MG132. Supernatants were collected and viral titers were de- 
termined by plaque assay. As shown in Fig. 1A, treatment of cells 
with 2.5 uM MG132 decreased viral titers by ~6 log equivalents 
compared to mock-treated cells. Furthermore, a dose-dependent 
effect of MG132 on SARS-CoV replication was confirmed, in that 
exposure to 0.5 w™M MG132 already had decreased viral titers by 
approximately 1,000-fold (Fig. 1A). 


10114 = jvi.asm.org 


To verify that effects of MG132 on viral replication are caused 
by impairment of the ubiquitin-proteasome pathway, two further 
proteasomal inhibitors were used under identical conditions, i.e., 
lactacystin (Lac), an irreversible proteasome inhibitor, and bort- 
ezomib (BZ), the first therapeutic proteasome inhibitor for treat- 
ment of multiple myeloma and mantle cell lymphoma (48). Al- 
though treatment of infected cells with 10 1M Lac and 40 nM BZ 
slightly, though significantly, reduced viral titers (~1-log reduc- 
tion), inhibitory effects were much less pronounced than the ef- 
fect of MG132 (~6-log reduction) (Fig. 1B). The concentrations 
of proteasomal inhibitors and other applied chemical compounds 
used were not toxic to Vero cells after 16 h of incubation, as veri- 
fied in XTT viability assays (data not shown). 

Proteasomal inhibition leads to accumulation of polyubiquiti- 
nated proteins in the cytosol and proteins of the secretory path- 
way, which are destined for degradation and accumulate in the 
endoplasmic reticulum (ER) (26), making ER stress and the sub- 
sequent unfolded protein response (UPR) unavoidable. BiP/ 
Grp78 is the major ER chaperone induced upon activation of UPR 
and serves as an indicator of proteasomal dysfunction (4, 32). To 
ensure effective and comparable impairment of proteasomal ac- 
tivity by the inhibitors used, we analyzed the accumulation of 
polyubiquitinated proteins and the induction of BiP/Grp78 ex- 
pression. Therefore, cells were treated with proteasomal inhibitors 
as described above, and cell lysates were analyzed by immunoblot- 
ting using anti-ubiquitin and anti-BiP antibodies, respectively. 
Treatment with the different proteasomal inhibitors significantly 
induced BiP expression compared to mock-treated cells, as well as 
showing dose-dependent effects for Lac and BZ (Fig. 1C; data are 
quantified in Fig. 1D). Similarly, polyubiquitinated proteins were 
induced with a 2.5- to 3.5-fold increase (Fig. 1C; data are quanti- 
fied in Fig. 1D). 

It has been demonstrated in a previous study that replication of 
MHV (strain JHM) is dependent on proteasome function (72). In 
this study, all of the proteasome inhibitors used were able to sig- 
nificantly reduce viral replication. Since our data are in sharp con- 
trast to those of earlier work, we aimed at directly comparing the 
effects of proteasomal inhibition on MHV and SARS-CoV repli- 
cation under our experimental conditions. Therefore, murine 
NCTC cells were pretreated with inhibitors as described for SARS- 
CoV experiments and infected for 16 h with MHV. As demon- 
strated in Fig. 1E and in line with the previous publication (72), 
treatment with 2.5 1M MG132 as well as with lactacystin in two 
different concentrations strongly decreased MHV titers in NCTC 
cells. 

Whereas effective and comparable impairment of the protea- 
some by all three inhibitors was confirmed, MG132 has a unique 
potency to inhibit SARS-CoV replication in a dose-dependent 
and, most likely, proteasome-independent way. 

MG132 treatment inhibits early steps during the SARS-CoV 
life cycle without affecting virus internalization. Having seen 
that MG132 strongly interferes with SARS-CoV replication, we 
next wanted to determine which steps of SARS-CoV replication 
are affected. Therefore, viral particle production was determined 
in time course experiments, and viral replication kinetics of mock- 
or MG132-treated cells were compared. Vero E6 cells were pre- 
treated with or without MG132 before infection with SARS-CoV. 
At 0, 8, or 16h p.i. with continuous MG132 treatment, viral su- 
pernatants were analyzed by plaque assay or infected cells were 
lysed to determine intracellular levels of the viral nucleocapsid 
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FIG 1 MG132 strongly impairs SARS-CoV particle production in a dose-dependent and proteasome-independent manner. (A) Impairment of SARS-CoV 
replication by MG132 is dose dependent. Vero E6 cells were pretreated with DMSO (mock) or 0.5, 1.5, and 2.5 1M MG132 for 1 hand inoculated with SARS-CoV 
(MOI, 0.001) in FCS-free medium containing DMSO or MG132. After removal of inocula, cells were treated in media with FCS for 16 h before cell-free viral 
supernatants were collected. Infectious viral titers were determined by plaque assay. Values represent the means + standard errors of the means (SEM) of two 
independent experiments performed in duplicate. Statistical analysis was performed as described in Materials and Methods, and SEM are shown. (B) Effects of 
different proteasomal inhibitors on SARS-CoV replication. Experiments were performed as described above, using DMSO (mock), 2.5 4M MG132, 5 and 10 1M 
lactacystin (Lac), or 40 and 80 nM bortezomib (BZ), respectively. (C) Effective inhibition of proteasomal activity by different compounds. Vero E6 cells were 
treated with MG132, Lac, and BZ at the indicated concentrations for 16 h. Equal amounts of protein extracts were subjected to immunoblot analysis using 
anti-ubiquitin (upper) and anti-Grp78/BiP (lower) antibody. For each immunoblot, the respective actin loading control is shown below. (D) Fold induction of 
BiP expression and ubiquitin accumulation. Values represent the means + SEM of one experiment performed in triplicate. (E) Effects of different proteasomal 
inhibitors on MHV-JHM replication. NCTC cells were pretreated with DMSO (mock), 2.5 41M MG132, and 5 or 10 pM lactacystin for 1 h and inoculated with 
MHV-JHM in FCS-free medium containing the different inhibitors. After removal of inocula, cells were treated in media with FCS for 16 h before cell-free viral 
supernatants were collected. Infectious viral titers were determined by plaque assay as described for SARS-CoV experiments. 
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FIG 2 MG132 inhibits early steps in SARS-CoV life cycle without affecting virus internalization. (A) Replication kinetics of SARS-CoV upon mock or MG132 
treatment. Vero E6 cells were pretreated with DMSO (mock) or 2.5 wM MG132 for 1 h and then inoculated with SARS-CoV (MOI, 0.001) in FCS-free media 
containing DMSO or MG132, respectively. After removal of inocula, cells were grown in normal growth medium and viral supernatants were collected at 0, 8, 
and 16h p.i. Viral titers were determined by plaque assay (in PFU). Values represent the means + SEM of two independent experiments performed in duplicate. 
(B) Vero E6 cells were infected as described for panel A, cell lysates were collected at the indicated time points p.i., and they were subjected to immunoblot analysis 
with anti-N and anti-Grp/BiP78 antibodies, respectively. Actin was used as a loading control (lower panel). (C) Experimental setup for time frame experiments. 
(D) Time frame experiment. Vero E6 cells were infected with SARS-CoV at an MOI of 0.001 for 10 min in media without FCS. After removal of inocula, growth 
medium was added and cells were treated for 2-h time frames with DMSO or 2.5 1M MG132. After each time frame, cells were washed with PBS and new growth 
medium was added. After an overall incubation time of 8 h, viral supernatants were collected. Titers were determined by plaque assay and are shown as PFU/ml. 
Values represent the means + SEM of two independent experiments performed in duplicate. (E) Internalization assay. Vero E6 cells were pretreated with DMSO 
(mock) or 2.5 #M MG132 for 1 h, followed by infection with SARS-CoV (MOI, 2), and treatment with DMSO or MG132 was continued for 15 min. After removal 
of inocula, cells were washed with PBS, trypsinated, and disrupted. Viral titers of the suspension were determined by plaque assay. Values represent the means + 
SEM of one experiment performed in triplicate. 
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2B). This let us assume that treatment with MG132 also affects 
production of viral proteins. To confirm effective proteasomal 
inhibition during this infection experiment, we analyzed lysates of 
infected cells for BiP/Grp78 expression. As expected, MG132 
treatment strongly induced BiP expression during infection (Fig. 
2B, upper). Interestingly and contrary to our expectation, infec- 
tion of mock-treated cells did not induce Grp78/BiP expression; 
moreover, a reduction of BiP was observed. 

We next addressed the question of whether MG132 interferes 
with initial steps during infection, e.g., by inhibiting uptake of 
virus or inhibition of later steps, such as viral protein production. 
Since effects of MG132 are reversible, we treated Vero E6 cells for 
2-h time frames to identify sensitive steps during infection. Previ- 
ous experiments had revealed that virus is internalized within 15 
min and that a SARS-CoV replication cycle from adsorption to 
release of infectious progeny takes about 7 to 8 h (data not shown). 
Based on these findings, we decided to shorten inoculation times 
from 1 h to 15 min to record very early effects of MG132. In 
addition, since MG132 effects on viral titer production in a first 
replication cycle could be compensated by a highly productive 
second round of infection, it was necessary not to exceed an 8-h 
interval, the time of one replication cycle. We therefore infected 
Vero E6 cells with SARS-CoV for 15 min, removed viral inocula by 
extensive washing, and incubated cells with medium containing 
DMSO (mock treatment) or MG132 for 2-h time frames. After 
each time frame, cells were intensively washed and incubated with 
growth medium without MG132. Cell-free viral supernatants 
were collected after an overall incubation time of 8 h. A schematic 
overview of the experimental design is shown in Fig. 2C. While 
treatment of infected cells with MG132 during the first 2 h p.i. 
strongly inhibited viral titer production, treatment during later 
steps of the viral life cycle (2 to 4 h) had a much weaker or even no 
effect during the latest time frame of 4 to 6 h (Fig. 2D). To exclude 
the possibility that the compound MG132 directly affects the in- 
fectivity of viral particles, we incubated virus with cell-free me- 
dium alone or with MG132. Subsequent titer analysis revealed no 
differences (data not shown). 

Since time frame experiments had shown that a very early step 
during the viral life cycle must be affected, we wanted to elucidate 
whether MG132 treatment interferes with virus internalization. 
We pretreated Vero cells with MG132 or DMSO as described 
above, infected them at an MOI of 2 for 15 min in the presence of 
MG132, removed inocula and virus bound to its receptor by ex- 
tensive washing and trypsination, respectively, disrupted the cells, 
and subsequently determined infectious titers corresponding to 
viable virus. However, no titer differences in the presence or ab- 
sence of MG132 were detected (Fig. 2E). Of note, treatment of 
infected cells with chlorpromazine, an inhibitor of clathrin-medi- 
ated endocytosis which was shown to inhibit SARS-CoV entry 
(19), significantly inhibited SARS-CoV uptake in our control 
studies, verifying the experimental set-up (data not shown). 

Altogether, we demonstrate that MG132 treatment impairs 
initial steps of viral replication in cells without harming viral par- 
ticles before adsorption. Notably, MG132 does not interfere with 
virus internalization. 

MG132 does not inhibit SARS-CoV replication by induction 
of autophagy, and SARS-CoV replication is independent of au- 
tophagic mechanisms. Since we excluded that viral internaliza- 
tion is affected by MG132 treatment, we assumed that the viral life 
cycle is impaired at a postinternalization step. It is known that the 
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autophagolysosomal pathway can be induced by proteasomal in- 
hibitors (10, 69), and SARS-CoV is taken up by endocytosis (19, 
67, 70). Therefore, one scenario is that reduction of viral titers is 
caused by rapid degradation of virus upon fusion of endosomes 
with autophagosomes due to an increased autophagic flux in- 
duced by MG132 treatment. To investigate this hypothesis, we 
first confirmed that MG132 treatment induces autophagy in Vero 
E6 cells. Vero E6 cells were treated for 16 h with DMSO, MG132, 
and imatinib, a known inducer of autophagy, as a positive control 
(13). The conversion of LC3-I to LC3-II, which serves as a reliable 
marker for autophagosome formation (21), was analyzed by im- 
munoblotting. MG132 induced the formation of LC3-II nearly to 
the same extent as the positive-control imatinib (~8-fold) (Fig. 
3A and B). If MG132 reduced viral titers by induction of au- 
tophagy, imatinib, as a known strong inducer of autophagy, is 
supposed to have similar effects on SARS-CoV replication. To test 
this, we pretreated Vero E6 cells with 10 1M imatinib, infected 
them with SARS-CoV, and incubated cells for 16 h with imatinib 
before collecting viral supernatants for titer analysis. However, 
compared to MG132 treatment, there was no impact of imatinib 
on SARS-CoV replication (Fig. 3C). 

To further verify that the MG132 effect is independent of au- 
tophagic pathways, autophagy-deficient mouse embryonic fibro- 
blasts (MEFs) were employed (31). ATGS5~‘~ MEFs are derived 
from ATG5 knockout mice and therefore do not express the Atg5 
protein, which is part of the Atg5/Atg12 conjugation complex and 
is indispensable for formation of autophagolysosomes (39). In- 
duction of autophagy by MG132 and imatinib in wild-type MEFs 
was confirmed in our experimental setup by immunoblotting 
(Fig. 4A and B). As expected, induction of autophagy either by 
MG132 or imatinib was not observed in ATG5 /~ MEFs (Fig. 4A). 
As MEFs, being of murine origin, are not susceptible to SARS- 
CoV infection, we rendered them susceptible by transient trans- 
fection with huACE2, the functional SARS-CoV receptor. Effec- 
tive transfection and expression was confirmed by immunoblot 
analysis 24 and 48 h after transfection (Fig. 4C). Ultimately, 24 h 
after transfection (or mock transfection, i.e., w/o ACE2), wild- 
type (wt) and ATGS5 /~ huACE2 MEFs were left untreated or were 
treated with DMSO (mock), MG132, or imatinib. After 1 h, cells 
were infected with SARS-CoV and incubated for 16 h with the 
different compounds before supernatants were collected and viral 
titers determined. As expected, wt huACE2 MEFs could be suc- 
cessfully infected with SARS-CoV (Fig. 4D, column 2). This was 
also the case for transfected Atgs‘~ huACE2 MEPs, indicating 
that the autophagy gene ATGS is not required for SARS-CoV rep- 
lication (Fig. 4D, column 6). Of note, treatment with MG132 of 
ATGS5 ‘~ huACE2 MEEs resulted in a strong reduction (i.e., 3 
orders of magnitude) of viral titers, comparable to those of cells 
lacking the viral receptor (Fig. 4D, compare column 6 to 7 and 5). 
As these cells are entirely deficient in induction of autophagy, this 
demonstrates that the MG132 effects in our scenario are not based 
on alterations of autophagy pathways. 

Taken together, our data convincingly show that the ATG5 
gene is not required for SARS-CoV replication and that autophagy 
pathways are not involved in the mechanism by which MG132 
blocks SARS-CoV replication. 

Reduction of SARS-CoV replication by MG132 is caused by 
inhibition of m-calpain. The preceding studies have shown that 
despite effective impairment of proteasomal activity of all used 
proteasomal inhibitors, only MG132 hada strong inhibitory effect 


jviiasm.org 10117 


AINN LHNOOD NVIDYOAD Aq G102 *Z Yyose| UO /Bio"wse IAl//:diyy Wod pepeojumoq 


Schneider et al. 


A DMSO MGI132 Glivec 
i 
LC3-1 
a LC3-II 
B 
i} 
£ 
Ss 
sc 
& 
=z 
s 
c 
= 
=) 
ies 
Qu 


FIG 3 SARS-CoV replication is not affected by induction of autophagy in 
Vero E6 cells. (A) LC3-II signal in Vero E6 cells upon MG132 treatment. Vero 
E6 cells were treated with DMSO, 2.5 1M MG132, or 10 1M imatinib for 16 h. 
Equal amounts of total protein were subjected to SDS-PAGE, and LC3-I and 
-II signals were determined using an anti-LC3 antibody. Actin was used as a 
loading control (upper panel). (B) Fold induction of LC3-II upon treatment. 
Values represent the means + SEM of one experiment performed in triplicate. 
(C) SARS-CoV replication upon MG132 and imatinib treatment. Vero E6 cells 
were pretreated with DMSO (mock), 2.5 w#M MG132, or 10 1M imatinib for 
1 h and were inoculated with SARS-CoV (MOI, 0.001) with FCS-free media 
containing the compounds. After removal of inocula, cells were further culti- 
vated in growth medium containing FCS and compounds for 16 h before viral 
supernatants were collected. Viral titers were determined by plaque assay and 
are shown as PFU/ml. Values represent the means + SEM of two independent 
experiments performed in duplicate. 


on viral titer. Peptide aldehydes are known inhibitors of serine and 
cysteine proteases. Since MG132, a tripeptide aldehyde (benzyl 
oxycarbonyl-leucyl-leucyl-leucinal, or ZLLLal), comprised an un- 
paralleled capability of inhibiting SARS-CoV replication, we hy- 
pothesized that inhibition of another proteolytic enzyme is 
responsible for inhibition of viral titer production. Besides high 
potency to inhibit the proteasome, MG132 has been described to 
impair the cysteine protease m-calpain (64). Therefore, our next 
studies focused on enlightening possible functions of calpains 
during the SARS-CoV life cycle. To achieve this, Vero E6 cells were 
pretreated for 1 h with the calpain inhibitors MDL28170/calpain 
inhibitor III and SJA6017/calpain inhibitor VI, inoculated with 
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SARS-CoV, and incubated for 16 h with continued treatment. 
Viral supernatants were collected and titer analysis was per- 
formed. Interestingly, we found that treatment of infected cells 
with 10 tM MDL28170 led to an even more pronounced decrease 
of viral particle production (i.e., >7 orders of magnitude) than 
did MG132 (Fig. 5A). Calpain inhibitor VI had no significant ef- 
fect on viral replication. As CI VI primarily targets j1-calpain (18), 
whereas MDL28170 inhibits both - and m-calpain, we assume 
that SARS-CoV replication was strongly inhibited by impairment 
of m-calpain activity. This assumption is affirmed by the fact that 
MG132 also affects m-calpain (64). 

To verify that inhibition of m-calpain specifically reduces 
SARS-CoV titer production, siRNA knockdown experiments 
were performed. Vero E6 cells were transiently transfected with 
siRNA targeting m-calpain or nonsilencing siRNA. Forty-eight 
hours posttransfection, reduction of m-calpain protein levels was 
confirmed by Western blot analysis (Fig. 5B). In parallel, trans- 
fected Vero E6 cells were infected with SARS-CoV as previously 
described. Sixteen h p.i., viral titers were determined by plaque 
assay. As shown in Fig. 5C, siRNA knockdown of the cysteine 
protease m-calpain reduced SARS-CoV titers more than 90%. 

These data further support that MG132 does not impair viral 
particle production by affecting the ubiquitin-proteasome system 
but by inhibition of m-calpain. 


DISCUSSION 


In this study, we investigated the effect of several known protea- 
somal inhibitors on SARS-CoV replication. Surprisingly, only 
MG132 strongly inhibited SARS-CoV replication by affecting 
early steps during the viral life cycle. In sharp contrast to previous 
studies and our own control experiments with MHV, the inhibi- 
tory effect of MG132 on SARS-CoV seemed to be independent of 
proteasomal inhibition. Since a postfusion step was supposed to 
be affected, we investigated the impact of autophagy during the 
viral life cycle, demonstrating that an induction of autophagy did 
not affect SARS-CoV replication. Infection studies with wild-type 
and ATGS ‘~ huACE2 mouse embryonic fibroblasts showed that 
SARS-CoV replication does not require Atg5 or a functional au- 
tophagy system. In line with this, the antiviral effect of MG132 also 
was independent of induction of autophagy. Infection experi- 
ments with calpain inhibitors and knockdown experiments then 
confirmed that inhibition of m-calpain rather than inhibition of 
the ubiquitin-proteasome pathway is responsible for inhibition of 
SARS-CoV replication by MG132. 

MG132 strongly inhibits early steps of SARS-CoV replica- 
tion independent of proteasomal impairment. The ubiquitin- 
proteasome system, with its degradative and regulatory responsi- 
bilities, is essential for cell function and is also relevant for 
replication of a broad range of viruses (14). Previous studies and 
our own control experiments have shown that the activity of a 
functional proteasome is important for the replication of murine 
hepatitis coronavirus (MHV) (46, 72). Here, several proteasome 
inhibitors, including Lac, had similar effects on viral replication 
(36, 46, 72), contrary to our finding that only MG132 can inhibit 
SARS-CoV replication. This indicates that effects of MG132 on 
SARS-CoV replication are independent of proteasomal inhibition 
and that UPS is differently involved in the replication of corona- 
viruses. Among all used proteasome inhibitors, MG132 showed 
maximal potency to reduce MHV replication in vitro (36, 72), and 
both MG132 and BZ reduced viral titers and inflammatory re- 
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FIG 4 SARS-CoV replication does not require the autophagy gene ATGS, and replication inhibition by MG132 is independent of induction of autophagy. (A) 
LC3-I/II signal in wild-type (wt; right side) and ATG5S /~ (left side) MEFs upon MG132 treatment. Cells were treated with DMSO, 2.5 4M MG132, or 10 »M 
imatinib for 16 h. Equal amounts of protein were subjected to SDS-PAGE, and LC3-1/II signals were determined by immunoblotting using an anti-LC3 antibody. 
Actin was used as a loading control (upper panel). (B) Fold induction of LC3-II in wt MEF upon treatment. Values represent the means + SEM of one experiment 
performed in triplicate. (C) Transient expression of huACE2 in MEFs. Wild-type (left) and ATG5~‘~ (right) MEFs were transiently transfected with 4 jg of 
pcDNA3.1-ACE2. Equal protein amounts collected at 24 and 48 h posttransfection were subjected to immunoblot analysis using an anti-ACE2 antibody. Actin 
was used as a loading control (lower panel). (D) wt and ATG5 /~ huACE2 MEFs were pretreated with DMSO (mock), 2.5 ~M MG132, or 10 M imatinib for 
1 hand were inoculated with SARS-CoV (MOI, 0.2) in FCS-free medium containing compounds. After removal of inocula, treatment was continued in growth 
medium with FCS for 16 h before viral supernatants were collected. Viral titers were determined by plaque assay and are shown as PFU/ml. Values represent the 
means + SEM of two independent experiments. 


sponses in MHV-1-infected A/J mice, leading to improved pathol- _ proteasomal inhibition on MHV replication in vitro have been 
ogy and survival (36). In contrast to this, treatment with higher BZ discussed (72). Therefore, it appears plausible that replication of 
concentrations of C57B1/6 mice infected with the MHV-A59 _ the more distant SARS-CoV is independent of a functional pro- 
strain led to an increase of viral titers and even enhanced disease, _teasome. Raaben and colleagues recently reported that treatment 
which was discussed to be due to a reduced inflammatory re- with BZ reduced not only replication of recombinant MHV and 
sponse and protective immune response (45). Furthermore, cer- _ FIPV but also GFP expression in Vero cells infected with a recom- 
tain strain differences (strain JHM versus A59) in the effects of | binant GFP-tagged SARS-CoV (46). Of note, effects on this re- 
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FIG5 M-calpain activity is necessary for efficient SARS-CoV replication. (A) 
Vero E6 cells were pretreated with DMSO (mock), 2.5 1M MG132, 5 wM CI 
VI, or 10 ™M MDL28170 for 1 h and then inoculated with SARS-CoV (MOI, 
0.001) in FCS-free media containing the respective compounds. After removal 
of inocula, cells were incubated in growth medium supplemented with FCS 
and the respective compounds for 16 h, and then viral supernatants were 
collected. Viral titers were determined by plaque assay and are shown as PFU/ 
ml. Values represent the means + SEM of two independent experiments per- 
formed in duplicate. (B) Vero E6 cells in 25-cm? flasks were transfected with 
nonsilencing (ns) siRNA or 350 pmol siRNA against m-calpain. Forty-eight h 
after transfection, cells were lysed and equal protein amounts were subjected to 
immunoblot analysis using an m-calpain (Calpain 2) antibody (upper panel). 
Actin was used as a loading control (lower panel). (C) Vero E6 cells were 
transfected as described for panel B and infected with SARS-CoV (MOI, 0.001) 
48 h posttransfection. Inocula were removed after 1 h, and cells were incubated 
with normal growth medium for 16 h. Viral titers were determined as de- 
scribed for panel A. 


combinant SARS-CoV were less prominent than effects on MHV 
or FIPV, with a reduction of GFP expression to approximately 
40% of the control level when 80 nM BZ was used. At similar BZ 
concentrations, we found a reduction of SARS-CoV titers of ~0.5 
log, which correlates with a 50% reduction of PFU/ml. However, 
in terms of viral load, this reduction is not significant. Therefore, 
the discrepancy between the former study (46) and our results 
might be explained by the different viruses used (SARS-CoV-GFP 
with deleted ORF7a/b [56] versus wt SARS-CoV), the lower bort- 
ezomib concentrations used in our study, a result of toxicity at 
higher concentrations, and different read-out systems. Although 
titers of SARS-CoV-GFP are similar to those of wt SARS-CoV in 
cell culture (56), it may replicate differently upon proteasome 
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inhibition due to the deletion of ORF7a/b. In contrast, SARS-CoV 
strain Frankfurt-1 only has a short deletion (45 nucleotides) in 
ORF7b (57, 63). 

In summary, we demonstrate here that MG132 exerts an un- 
paralleled capability among tested proteasomal inhibitors in im- 
pairing early steps of SARS-CoV replication, pointing to a protea- 
some-independent mechanism. 

MG132 does not inhibit SARS-CoV replication by induction 
of ER stress, the unfolded protein response, or autophagy. In- 
duction of ER stress, due to the accumulation of proteins destined 
for ER-associated degradation (ERAD), and activation of the un- 
folded protein response (UPR) are well-known effects of treat- 
ment with proteasomal inhibitors. However, the prominent effect 
of MG132 on SARS-CoV replication most likely is independent of 
ER stress induction and UPR, since all of the proteasomal inhibi- 
tors used caused ER stress and UPR induction at similar levels. 

Interestingly, Grp78/BiP expression in mock-treated cells in- 
fected with SARS-CoV was not upregulated, although overexpres- 
sion of several SARS-CoV proteins, e.g., the spike glycoprotein or 
the ORF3a and ORF6 proteins, was described to induce ER stress 
(5, 38, 71). Therefore, SARS-CoV might have evolved mecha- 
nisms to reduce ER stress or UPR during infection of Vero cells. 
However, an increase in Grp78 levels is only one marker of ER 
stress, and further studies are needed to elucidate the ability of 
SARS-CoV to prevent ER stress or to interfere with certain 
branches of UPR in Vero cells. 

Autophagy is a process shared by all eukaryotic cells by which 
long-lived proteins, aggresomes, or whole organelles are engulfed 
by double membrane vesicles—the so-called autophagosomes—and 
degraded by their delivery to lysosomes (29, 39). Besides its par- 
ticipation in multiple cellular processes, autophagy also serves as 
an intrinsic immune defense against certain viruses (29) by facil- 
itating antigen presentation, type I interferon production, or xe- 
nophagy (29), a process where cytoplasmic virions, viral compo- 
nents, or membrane-protected viral replication factories are 
disposed by autophagic engulfment and delivery to degrading 
lysosomes. Work by Lai’s group had shown that upon treatment 
with MG132, MHV virions were retained in endosomes and pos- 
sibly degraded by fusion of these endosomes with lysosomal vesi- 
cles (72). However, induction of autophagy with imatinib (13) did 
not affect SARS-CoV replication, and both wild-type and au- 
tophagy-deficient (ATG5 /~) huACE2 MEFs (31) were equally 
susceptible to SARS-CoV infection. This set of experiments also 
indicated that Atg5 expression, and probably also autophagy, are 
not required for SARS-CoV replication. This is in line with studies 
demonstrating that Atg5 and Atg7 proteins are not necessary for 
MHV replication (47, 73). On the other hand, a lack of autophagy 
is not beneficial for viral replication, as similar viral titers were 
produced in wt and Atg5 ‘~ cells. Whereas components of the 
autophagic machinery like the nonlipidated microtubule-associ- 
ated protein 1 light chain 3 (LC3-I) are essential for DMV biogen- 
esis and thus for MHV replication (47), and possibly also for 
SARS-CoV replication, an intact autophagic pathway obviously is 
not of relevance for SARS-CoV replication. 

MG132 inhibits SARS-CoV replication by impairing m-cal- 
pain activities. As a tripeptide aldehyde (ZLLLal), MG132 was 
found to inhibit m-calpain (64), a cysteine protease. Calpains have 
been reported previously to play a role in SARS-CoV replication 
(1). Our data involving chemical inhibition of m-calpain and 
siRNA knockdown strongly suggest that MG132 blocks SARS- 
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CoV replication, because it inhibits m-calpain rather than inter- 
fering with proteasomal activities. 

Calpains are a class of ubiquitously expressed cysteine pro- 
teases whose functions in the cell are still not fully elucidated. 
Among other things, they are involved in the regulation of cyto- 
skeleton-membrane interaction, cytoskeleton remodeling, and 
vesicular trafficking (3, 16, 17, 41). Whereas j.-calpain represents 
the cytosolic fraction of calpains, m-calpain is mostly associated 
with cellular membranes, vesicles, subcellular organelles, or lipid 
rafts (23, 40, 65). Picornaviridae utilize cellular membranes as a 
site for viral replication and for establishment of the replication 
complex (RC), as do Coronaviridae. Since formation of the echo- 
virus 1 RC strongly depends on m-calpain activity (65), formation 
of the DMVs by SARS-CoV might also depend on m-calpain ac- 
tivity. Besides effects on the cellular m-calpain, MG132 and 
MDL28170 might impair the activity of viral proteases 3CLpro/ 
Mpro (main protease) and PLpro (papain-like protease), which 
also belong to the family of cysteine proteases. Likewise, the ade- 
novirus protease is inhibited by the calpain inhibitor MDL28170 
(7). Both MG132 and MDL28170 also have been demonstrated to 
inhibit cathepsin L-mediated processing of viral glycoproteins, 
including SARS-CoV S (42, 55), thus SARS-CoV S-mediated viral 
entry could be prevented (55). Although inhibition of cathepsin L 
by the chemical inhibitors, in addition to inhibition of m-calpain, 
might increase their significant effect on SARS-CoV replication, 
results obtained upon m-calpain knockdown indicate an impor- 
tant role of m-calpain for SARS-CoV replication. 

In summary, our data demonstrate that SARS-CoV replication 
does not fundamentally rely on the ubiquitin-proteosome path- 
way, conferring an exceptional status to SARS-CoV among other 
coronaviruses. Inhibitory effects of MG132 during early steps of 
SARS-CoV replication are most likely due to inhibition of cellular 
m-calpain. Further studies are needed to elucidate whether inhi- 
bition of the cellular m-calpain or of a possible m-calpain-like 
activity of a viral enzyme is responsible alone or in combination 
for the massive loss of SARS-CoV infectious titers. Given that 
binding specificities can be optimized and bioavailability im- 
proved, calpain inhibitors represent a promising tool to fight 
SARS-CoV infection. 
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